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seasonal	 outbreaks	 of	 the	 zoonotic	 bacterial	 disease	 leptospirosis	 in	 the	 tropics.	
The	 city	 of	 Salvador,	 Brazil,	 has	 seen	 recent	 and	 dramatic	 increases	 in	 human	
population	residing	in	slums,	where	conditions	foster	high	rat	density	and	increasing	
leptospirosis	infection	rates.	Intervention	campaigns	have	been	used	to	drastically	
reduce	rat	numbers.	 In	planning	these	 interventions,	 it	 is	 important	 to	define	the	
eradication	units	-	the	spatial	scale	at	which	rats	constitute	continuous	populations	
and	 from	 where	 rats	 are	 likely	 recolonizing,	 post-intervention.	 To	 provide	 this	
information,	 we	 applied	 spatial	 genetic	 analyses	 to	 706	 rats	 collected	 across	
Salvador	and	genotyped	at	16	microsatellite	 loci.	We	performed	spatially	explicit	
analyses	 and	 estimated	 migration	 levels	 to	 identify	 distinct	 genetic	 units	 and	
landscape	 features	 associated	with	genetic	divergence	at	different	 spatial	 scales,	
ranging	from	valleys	within	a	slum	community	to	city-	wide	analyses.	Clear	genetic	
breaks	 exist	 between	 rats	 not	 only	 across	 Salvador	 but	 also	 between	 valleys	 of	
slums	separated	by	<100	m—well	within	the	dispersal	capacity	of	rats.	The	genetic	
data	 indicate	 that	 valleys	may	 be	 considered	 separate	 units	 and	 identified	 high-	
traffic	roads	as	strong	impediments	to	rat	movement.	Migration	data	suggest	that	
most	 (71–90%)	 movement	 is	 contained	 within	 valleys,	 with	 no	 clear	 source	
population	 contributing	 to	 migrant	 rats.	 We	 use	 these	 data	 to	 recommend	
eradication	 units	 and	 discuss	 the	 importance	 of	 carrying	 out	 individual-	based	
analyses	at	different	spatial	scales	in	urban	landscapes.
K E Y W O R D S
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1  | INTRODUCTION




tion	 densities	 have	 increased.	Despite	 this	 trend,	 urban	 habitat	 has	




The	 negative	 impacts	 are	well-	appreciated,	 and	 declines	 in	 popula-




persist	 and	even	 thrive	 in	 urban	habitats.	 Some	 species	 can	 inhabit	
small	patches	of	remnant	habitat	within	an	urbanized	area,	while	other	
species	characterized	as	“urban	exploiters”	can	take	advantage	of	the	
modified	habitat	 and	 increased	 food	 resources	 (Blair,	 2001;	Hulme-	
Beaman	et	al.,	2016;	McKinney,	2002).
To	 date,	 very	 few	 studies	 have	 investigated	 how	 species	 that	
thrive	 in	 urban	 habitats	 disperse	 through	 these	 heavily	 developed	
landscapes.	 Importantly,	many	of	 the	 species	best	 adapted	 to	 living	
alongside	urban	human	populations	are	considered	nuisance	species	
capable	of	damaging	property,	 ruining	 food	stocks,	and	 transmitting	
disease	(Lyytimäki,	Petersen,	Normander,	&	Bezák,	2008).	In	USA,	the	
costs	 of	 rats	 to	 agriculture	 alone	 are	 estimated	 at	 19	billion	 dollars	
(Pimentel,	 Zuniga,	 &	 Morrison,	 2005).	 The	 global	 costs	 of	 eradica-
tion	and	control	efforts	are	uncertain	but	considerable,	particularly	in	









human	 population	 density	 (Feng	 &	 Himsworth,	 2013).	 As	 a	 result,	
R. norvegicus	 is	one	of	the	most	 important	nuisance	species	globally,	





ing	 countries	 face	 the	 greatest	 risk	 of	 rat-	associated	 diseases	 that	
are	 linked	with	 increasing	 rat	 populations	 (Gratz,	 1994;	Himsworth,	
Parsons,	Jardine,	&	Patrick,	2013;	Ko,	Reis,	Dourado,	Johnson,	&	Riley,	
1999;	Lau,	Smythe,	Craig,	&	Weinstein,	2010).	The	rapid	 increase	 in	




The	 city	 of	 Salvador,	 Brazil	 (pop.	 2.9	million),	 has	 seen	 a	 500%	
increase	in	human	population	size	over	the	last	60	years,	with	most	new	
settlement	occurring	 in	urban	slum,	or	 favela,	neighborhoods	within	
the	 city	 (Reis	 et	al.,	 2008).	These	densely	 populated	 and	 low	 socio-
economic	areas	often	have	 limited	access	 to	municipal	 services	and	
experience	derelict	housing	and	poor	 sanitation	 (Felzemburgh	et	al.,	
2014;	Hagan	et	al.,	2016;	Reis	et	al.,	2008).	These	conditions	support	
rodent	 activity	 and	R. norvegicus	 infestation	with	 several	 pathogens	












In	 cities	 throughout	 Brazil,	 which,	 as	 in	 Salvador,	 have	 annual	
rainfall-	associated	 outbreaks	 of	 leptospirosis,	 public	 health	 officials	
have	initiated	intervention	campaigns	to	sharply	reduce	rat	numbers	
within	these	urban	habitats	at	 increased	risk.	Control	efforts	consist	
of	 rodenticide	poisoning	and	environmental	 interventions	 (e.g.,	 cov-
ering	free-	flowing	sewers)	 in	areas	with	high	leptospirosis	incidence.	
However,	 rat	numbers	 rebound	quickly	with	population	sizes	 reach-














ically	untenable	 in	 the	case	of	a	zoonotic	disease	vector,	using	 tra-
ditional	mark–recapture	 and	 radio	 tracking	methods	 (Davis,	 Emlen,	
&	Stokes,	1948;	Fenn,	Tew,	&	Macdonald,	1987;	Glass	et	al.,	1989;	
Peakall,	 Ebert,	 Cunningham,	 &	 Lindenmayer,	 2006;	 Taylor,	 1978;	
Taylor	&	Quy,	1978;	Wilson,	Efford,	Brown,	Williamson,	&	McElrea,	
2007),	genetic	data	can	be	used	to	estimate	rates	of	gene	flow	and	
provide	valuable	 insights	 into	 the	degree	of	 connectivity,	 routes	of	
dispersal,	 and	 spatial	 networks	 linking	 organisms	 across	 a	 complex	
urban	 landscape	 (Munshi-	South,	 2012).	 Researchers	 have	 used	
genetic	 data	 to	 determine	 relatedness	 of	 rats	 within	 prescribed	
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locations	and	to	estimate	connectivity	across	urban	areas	(Gardner-	
Santana	 et	al.,	 2009;	 Kajdacsi	 et	al.,	 2013).	 However,	 even	 these	
genetic	studies	suffer	from	modest	sample	sizes	 (n	=	146–277	rats)	
distributed	 across	 large	urban	 regions,	where	 low	 sampling	density	











In	 this	 study,	 we	 evaluated	 genetic	 connectivity	 among	 more	
than	700	urban	Norway	rats	captured	from	Salvador,	Brazil,	to	iden-




hierarchical	 spatial	 scales	 of	 analyses,	 from	 a	 local	 slum	 neighbor-
hood	to	city-	wide	sampling,	to	evaluate	how	spatial	genetic	patterns	
differ	based	on	the	scale	and	resolution	of	sampling.	We	combined	
geographically	 distributed	 rat	 genotype	 data	 with	 individual-	based	
analyses,	 providing	much	 greater	 resolution	 of	 spatial	 genetic	 pat-
terns	 than	 could	 be	 afforded	 from	 combining	 individuals	 in	 arbi-
trarily	assigned	sampling	sites—particularly	at	the	fine	spatial	scales	
that	 correspond	 to	heterogeneous	urban	habitat	 structure.	We	use	
spatially	explicit	analyses	that	 increase	our	power	to	detect	genetic	
structure	and	link	this	directly	to	spatial	location	and	connections	on	
the	 landscape	 (Guillot,	 Santos,	&	 Estoup,	 2008;	 Jombart,	Devillard,	






Salvador,	with	 an	 emphasis	 on	 Pau	 da	 Lima,	 a	 slum	 neighborhood	
that	has	been	the	focus	of	long-	term	epidemiological	studies	related	
to	 leptospirosis	 (Figure	1)	 (Felzemburgh	 et	al.,	 2014;	 Hagan	 et	al.,	
2016;	Reis	et	al.,	2008).	We	genotyped	rats	at	16	variable	microsat-
ellite	 loci,	 and	 used	 these	 data	 to	 identify	 spatial	 genetic	 patterns	
and	levels	of	connectivity	that	promote	or	impede	the	movement	of	
rats	 at	 three	 spatial	 scales,	 ranging	 from	 city	wide	 to	 areas	within	
and	around	Pau	da	Lima.	We	also	used	spatial	genetic	structure	to	
delineate	 practical	 eradication	 units	 for	 future	 interventions.	 Our	
study	takes	advantage	of	the	largest	sample	size	ever	 included	in	a	
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2  | MATERIALS AND METHODS





sue	was	 collected	 and	 stored	 in	 ethanol	 at	 −80°C	 until	 DNA	was	









3	 has	 not	 been	 part	 of	 the	 larger	 long-	term	 eco-	epidemiological	
study.	The	493	samples	collected	 from	within	Pau	da	Lima	consti-
tuted	 the	finest	 spatial	 scale,	 referred	 to	as	 “slum	scale.”	The	next	
spatial	 scale	 included	 122	 samples	 collected	 from	 eight	 “satellite”	
sites	located	within	1	km	of	Pau	de	Lima;	we	refer	to	the	combina-
tion	of	these	“satellite”	locations	and	Pau	da	Lima	ones	as	“interme-




2.2 | DNA extraction and genotyping
DNA	was	 extracted	 from	 2–5	mm	of	 tail	 tissue	 using	 standard	 kit-	
based	extraction	protocols	(Qiagen	and	ZyGEM).	We	then	amplified	




software	 was	 used	 to	 score	 alleles,	 and	Microsatellite	 Toolkit	 v3.1	
(Park	2001)	was	used	to	check	for	scoring	errors.
Although	most	of	our	analyses	have	no	 requirements	of	Hardy–
Weinberg	equilibrium	and	 the	 loci	were	 selected	based	on	chromo-
some	location	to	ensure	linkage	equilibrium	among	loci,	we	evaluated	
any	deviations	 from	 these	 two	common	population	genetic	models.	
Independence	of	loci	was	evaluated	by	testing	for	linkage	disequilib-
rium	 in	 FSTAT	 v2.9.3	 (Goudet,	 1995).	 Hardy–Weinberg	 equilibrium	
(HWE)	for	each	locus	was	also	estimated,	with	significance	estimated	







2.3 | Individual- based genetic analyses
Rather	than	arbitrarily	grouping	rats	for	population-	level	genetic	anal-
yses,	we	took	advantage	of	our	high-	resolution	sampling	 (i.e.,	many	



















PCA	have	been	developed	 to	 include	 spatial	data	 in	 this	ordination	
approach	(Jombart	et	al.,	2008).	We	performed	spatial	principal	com-











ples	 increases.	Strong	 local-	scale	structure	 indicates	negative	spatial	
autocorrelation,	 and	 sharp	 genetic	breaks	between	 samples	 located	
close	together.	We	used	the	eigenvalue	variance	and	spatial	compo-
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2.5 | Discriminant analysis of genetic structure
We	 used	 discriminant	 analysis	 of	 principal	 components	 (DAPC)	 to	
evaluate	(A)	the	degree	of	genetic	similarity	among	individuals	in	the	
dataset	 and	 (B)	 the	 patterns	 of	 genetic	 similarity	 among	 individuals	
from	different	areas	of	Salvador	and	within	Pau	da	Lima.	DAPC	uses	
coefficients	of	allele	loadings	in	linear	combinations	to	maximize	the	




Stephens,	 &	 Donnelly,	 2000),	 particularly	 when	 complex	 processes	




guidelines	 in	 the	adegenet	package	 in	R	2.14	 to	conduct	DAPC	and	
k-	means	 clustering	 while	 retaining	 the	 best	 supported	 numbers	 of	
principal	 components	 and	 eigenvalues	 (R	 Development	 Core	 Team	
2015;	Jombart	et	al.,	2016).
2.6 | Mapping spatially explicit genetic discontinuity
We	used	 a	 fourth	method	 that	 is	 based	 on	Hardy–Weinberg	 equi-
librium	to	look	for	convergence	among	different	approaches	charac-
terizing	spatial	genetic	structure.	This	approach,	implemented	in	the	
Geneland	 package	 in	 R,	 is	 a	 Bayesian	 model	 using	 both	 genotypic	




forms	better	 than	other	Bayesian	clustering	approaches	 in	 terms	of	
correctly	assigning	individuals	into	groups	(François	&	Durand,	2010).	
We	used	100,000	Markov	chain	Monte	Carlo	iterations	of	the	model	






2.7 | Moran’s eigenvector mapping to account for 
spatial nonindependence
Much	 criticism	has	been	 raised	 regarding	population	genetic	 analy-
ses	based	on	pairwise	distance	data	(e.g.,	genetic	and	geographic	dis-
tance),	which	are	often	used	in	Mantel	tests	of	isolation	by	distance	








We	 performed	 a	 MEM	 analysis	 to	 identify	 spatial	 genetic	 pat-
terns	among	rats	using	our	geographic	and	genotype	data	within	the	







2.8 | Migration rates across Salvador
We	 estimated	 the	 rates	 of	 recent	 and	 ongoing	 genetic	 migration	
between	 the	 different	 sampling	 areas	 using	 the	 default	 parameters	
within	 the	 program	 BayesAss	 v3.0	 (Wilson	 &	 Rannala,	 2003).	 This	
approach	 uses	 Bayesian	 Markov	 chain	 Monte	 Carlo	 resampling	 to	




age	disequilibrium	relative	 to	 the	 recipient	population.	This	analysis	
estimates	migration	 for	all	pairwise	connections	 (i.e.,	 [n(n-	1)/2],	and	
to	make	this	computationally	feasible,	we	grouped	the	706	rats	into	
28	 geographic	 areas	 based	on	 topography	 and	distance	 from	other	
sampling	areas	(Fig.	S1).
3  | RESULTS
3.1 | Spatially explicit ordination of the genetic data 
(spatial PCA)
We	 found	 significant	 global	 structure	 in	 the	 rat	 genetic	 data	 at	 all	
three	spatial	scales	 (slum	scale	p = .002,	 intermediate	scale	p = .008,	
city-	wide	scale	p = .002).	At	each	scale,	Valley	2	within	Pau	da	Lima	




DAPC	 analysis	 (Figure	2a,b).	 There	 were	 no	 significant	 patterns	 of	
local-	scale	genetic	structure	at	any	of	the	three	spatial	scales,	meaning	
that	there	was	no	negative	autocorrelation	in	the	genetic	data	across	
the	study	area	(city-	wide	scale	p = .23,	intermediate	scale	p = .19,	slum	
scale p = .27).	One	to	three	principal	components	explained	the	most	
variation	at	 all	 scales,	 and	 those	eigenvalues	were	used	 to	plot	 the	
sPCA	data	 (Jombart	et	al.,	2016).	These	patterns	of	global	structure	
can	result	from	a	number	of	processes,	including	isolation	of	patches,	
adaptive	 divergence	 in	 response	 to	 spatially	 autocorrelated	 natural	
selection,	or	clinal	isolation	by	distance	(Jombart	et	al.,	2008;	Wagner	
&	 Fortin,	 2005).	We	 detected	 no	 significant	 local	 genetic	 structure	
with	 sPCA,	 which	 can	 arise	 when	 individuals	 avoid	 breeding	 with	
other	members	of	their	population/deme	(e.g.,	inbreeding	avoidance,	


















3.3 | Mapping spatially explicit genetic discontinuity
Results	 from	 each	 Geneland	 run	 converged	 between	 10,000	 and	
40,000	iterations,	well	before	the	completed	100,000	runs.	Four,	five,	
and	eight	were	the	most	likely	number	of	clusters	for	the	slum,	inter-
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At	the	broadest	city-	wide	scale,	 the	samples	 from	the	three	Pau	da	
Lima	valleys	were	genetically	isolated	to	their	own	valley	(Figure	4c).	
The	 two	 sites	 in	 the	 southwestern	part	of	 the	 city	 (FSJ,	 LP)	 cluster	
together	 around	 the	 port,	while	 other	 satellite	 sites	 represent	 their	
own	group	or	cluster	with	either	Valley	1	or	Valley	4	(Figure	4c).
3.4 | Moran’s eigenvector mapping to account for 
spatial nonindependence
Moran’s	 eigenvector	 analysis	 indicated	 that	 the	 proportion	 of	 all	
genetic	variation	attributed	to	spatial	patterns	differed	across	scales.	
The	smallest	scale	(within	slum)	had	the	most	genetic	variation	that	was	





























pled	areas	 (r	=	−.116,	p = .96),	or	pairwise	migration	rate	and	genetic	
distance	(r	=	−.13,	p = .98).	There	was	a	significant	association	between	
geographic	 and	 genetic	 distance	 among	 sampling	 groups	 across	 the	
city,	indicating	isolation	by	distance	in	this	system	(r	=	.451,	p = .008).
4  | DISCUSSION
Norway	 rats	 within	 the	 Pau	 da	 Lima	 slum	 showed	 strong	 patterns	
of	 genetic	 divergence	 within	 a	 very	 small	 area,	 despite	 modest	
divergence	across	the	entire	city	of	Salvador,	Brazil.	Importantly,	this	
pattern	of	fine-	scale	divergence	was	consistent	using	four	very	differ-
ent	 analytical	 approaches	 and	 spatial	 scales.	Within	Pau	da	 Lima,	 a	
sharp	 break	 in	 genetic	 similarity	 distinguished	 valleys	 2	 and	 4,	 two	
geographically	 distinct	 micro-	districts	 within	 this	 densely	 inhabited	
slum	settlement.	Our	migration	data	also	indicate	that	rat	movements	





4.1 | Genetic patterns at three spatial scales
Analyses	 at	 the	 smallest	 scale	 incorporated	 all	 493	 rats	 sampled	
within	the	Pau	da	Lima	community	(Figure	1).	The	most	striking	pat-














The	 intermediate-	scale	 analyses	 included	 615	 rats	 from	 Pau	 da	
Lima	and	the	eight	satellite	sites	sampled	within	1	km	of	Pau	da	Lima.	









model	 (Figures	2c,	and	3c).	These	 results	 indicate	 that	valleys	2	and	





settlements	 (Figure	1b).	 A	 model-	based	 approach	 (e.g.,	 approximate	
Bayesian	 computation)	 may	 be	 able	 to	 distinguish	 between	 true	
admixture	and	other	mechanisms,	such	as	drift,	that	could	create	the	
inconsistent	 pattern	 observed	 for	 Valley	 1.	 The	 intermediate-	scale	
MEM	analysis	 showed	very	 little	divergence	among	all	Pau	da	Lima	
samples,	but	separation	between	Pau	da	Lima	and	the	nearby	satellite	
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sites	(Figure	3d).	MEM	analyses	are	expected	to	be	particularly	useful	
at	small	scales	where	higher	gene	flow	occurs,	such	as	within	genet-









other	 than	 to	 the	 sites	 at	 the	 smaller	 spatial	 scales	 (Figure	4a,b,d).	
Consistent	with	the	results	for	the	other	two	spatial	scales	analyzed,	
Valley	2	is	genetically	distinct	from	valleys	1	and	4	within	Pau	da	Lima	
in	 the	 sPCA	 (Figure	4a),	with	 the	DAPC	 analysis	 clearly	 segregating	
Valley	4	from	all	other	sites	(Figure	4b).	The	approach	using	a	spatially	
explicit	Bayesian	model	did	identify	distinct	genetic	groups	among	the	







This	 Bayesian	 model	 also	 identified	 the	 micro-	scale	 differentiation	
within	the	Pau	da	Lima	slum	(Figure	4c).
4.2 | Using spatial genetic patterns to guide public 
health interventions











Strong	 spatial	 genetic	 patterns	 can	 be	 used	 to	 infer	 levels	 of	
movement	and	connectivity	across	a	study	area,	and	delineate	unique	
genetic	groups	that	can	be	treated	as	focal	units	during	intervention	
campaigns.	 Epidemiologists	 and	 public	 health	 officials	 often	 define	
“eradication	units”	as	interconnected	groups	of	vector	organisms	that	
are	 targeted	 during	 control	 efforts.	 Defining	 eradication	 units	 also	
makes	evaluating	the	effectiveness	of	an	intervention	campaign	pos-





compared	 before	 and	 after	 intervention	 campaigns	 to	 evaluate	 the	




valleys	 in	 Pau	 da	 Lima.	 This	 divergence	 was	 strong	 and	 consistent	
between	rats	in	valleys	2	and	4,	located	<50	m	apart.	Valley	1	was	also	






1	 from	 both	 other	 valleys	 as	 another	 eradication	 unit	 (Figure	2b,d).	
Moreover,	we	 identified	 that	 high-	traffic	 roads	 and	modest	 topogra-
phy	likely	play	a	role	in	impeding	rat	movement	and	that	both	features	













et	al.,	 2008).	 Pau	 da	 Lima	 has	 high	 human	 and	 rat	 densities,	 poor	
municipal	infrastructure,	and	high	incidence	of	leptospirosis	cases	cor-
responding	 to	elevated	 levels	of	Leptospira	 infection	exceeding	80%	
among	Norway	rats	in	this	area	(Costa	et	al.,	2014;	Felzemburgh	et	al.,	
2014).	Rattus norvegicus	is	the	primary	host	reservoir,	and	control	cam-
paigns	 are	 conducted	 regularly	 to	 target	 rats	 for	 removal.	However,	
rat	populations	rebound	in	size	within	6–12	months,	as	 indicated	by	
surveys	of	rat	activity	and	abundance	(Hacker	et	al.,	2016).	Therefore,	
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There	 are	 practical	 and	 immediate	 applications	 of	 these	 data	 in	
designing	future	intervention	campaigns	in	Salvador.	These	data	pro-
vide	a	better	understanding	of	where	rats	are	moving	in	a	dense	urban	
landscape	 and	 which	 areas	 constitute	 genetically,	 and	 presumably	














4.3 | Advancing spatial genetic studies in 
urban contexts
Our	 study	 demonstrates	 the	 power	 and	 utility	 of	 combining	 dense	
sampling	with	 spatially	 explicit	 analyses	 to	 characterize	 the	 genetic	
structure	and	likely	movement	patterns	of	wildlife	in	complex	urban	
landscapes.	These	patterns	are	difficult	to	study,	but	Norway	rats	are	
an	 excellent	 species	 to	 investigate	 urban	 ecology	 and	 movement.	
Rattus norvegicus	is	a	globally	distributed	pest	species	invasive	to	most	
cities	because	it	is	so	adept	at	exploiting	urban	habits	and	resources	











found	 genetic	 divergence	 among	 three	 identified	 genetic	 clusters	
from	nine	sites	(Kajdacsi	et	al.,	2013).	The	current	study	extends	the	
findings	of	Kajdacsi	et	al.	(2013)	by	including	many	more	rats	(n	=	706)	
captured	 over	 a	 much	 wider	 area	 across	 Salvador.	 These	 previous	
studies	from	Baltimore	and	Salvador	support	our	findings	that	genetic	
heterogeneity	 exists	 within	 urban	 landscapes,	 even	 at	 very	 small	
scales.	However,	the	two	aforementioned	studies	were	limited	by	the	
low	density	of	samples	across	complex	urban	landscapes.
Our	use	of	 individual-	based	analyses	 is	an	 important	advance	 in	
spatial	population	genetics.	Individual-	based	approaches	treat	individ-
ual	samples	as	the	unit	of	analysis,	negating	the	need	to	group	samples	
a priori	 for	 analysis,	which	 is	often	arbitrary	with	 respect	 to	biology	
(Waples	 &	 Gaggiotti,	 2006).	 With	 sufficient	 sampling	 density,	 this	
analytical	framework	can	also	be	more	powerful	in	detecting	genetic	
patterns	 at	 small	 spatial	 scales	 (Luximon	 et	al.,	 2014;	 Prunier	 et	al.,	
2013).	This	 increased	power	 to	detect	fine-	scale	genetic	patterns	 is	
particularly	useful	when	investigating	urban	landscapes,	where	habitat	
complexity	 such	as	density	of	humans	and	 the	presence	of	physical	
barriers	 (e.g.,	 roads	and	 topographical	 features)	 can	be	much	higher	
than	exurban	areas	(Pickett	et	al.,	2008).	Population	densities	of	urban	
species	 can	 also	 be	 inflated	 relative	 to	 natural	 densities,	 facilitating	










ing	 different	 patterns	 of	 genetic	 divergence	 in	 simulated	 (Cushman	
&	 Landguth,	 2010)	 and	 empirical	 data	 using	 amphibians	 (Angelone,	
Kienast,	&	Holderegger,	2011)	and	insects	(Keller,	Holderegger,	&	van	
Strien,	2013).	However,	none	of	 these	previous	studies	 investigated	














requires	 a	 sampling	 design	 with	 sufficient	 power	 to	 detect	 spatial	
genetic	patterns	(Oyler-	McCance,	Fedy,	&	Landguth,	2013).




ing	 and	 genetic	exchange	 are	not	 detected	by	 genetic	data,	 biasing	






da	 Lima	 but	 not	 breeding	 (e.g.,	 if	 high	 densities	 of	 rats	with	 strong	
priority	effects	are	preventing	migrants	from	penetrating	new	areas;	
Fraser	et	al.,	2015)	is	possible,	but	very	unlikely	given	our	study	design	
and	 sharp	patterns	of	genetic	divergence.	 In	 fact,	 the	 sharp	genetic	









could	occur	 if	 environmental	 conditions	differ	 substantially	within	 a	
small	area	such	as	Pau	da	Lima’s	valleys.	While	speculative	for	rats	in	


















breed	with	more	 closely	 related	 individuals	 coming	 from	within	 the	
local	population,	 rather	 than	 immigrants	 from	other	areas	of	Pau	da	
Lima	or	Salvador	(Costa	et	al.,	2016).	There	are	an	increasing	number	













advance	 the	methods	 associated	with	 urban	 ecology	 using	 spatially	
explicit	and	individual-	based	approaches	to	evaluate	genetic	patterns	
at	 multiple	 spatial	 scales.	 The	 data	 from	 this	 study	 are	 particularly	
useful	 when	 combined	 with	 other	 epidemiological	 interventions,	
including	reductions	in	the	number	of	environmental	reservoirs	sup-
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